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ABSTRACT 

Conventional single-link Earth-based Doppler track- 
ing systems alone may not meet the accuracy requirements of 
planetary missions involving targeting and probe landing, mainly 
because of uncertainties in the ephemerides. 

It is shown that a satellite transponder orbiting a 
target planet may be useful as a navigational reference. The 
range-rate between the satellite and a vehicle on a mission to 
the target planet can be determined by a proposed Earth-based 
multiple-link Doppler tracking system. The accuracy of the state- 
vector estimate of the vehicle may be improved by using the 
multiple-link Doppler system and through a combined estimation 
procedure which no longer involves the uncertainties of the 
ephemerides and the Earth station locations. This should pro- 
vide the basris for determining the trajectories of vehicles on 
planetary missions with an accuracy comparable to those on ter- 
restrial missions. Areas of investigation necessary to determine 
the feasibility of the proposed technique for achieving such ac- 
curacy are identified. 

8' 
*Disclosu.re to NASA as "Reportable Item No. 46" und 
Technology" clause. 
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MEMORANDUM FOR FILE 

I n t r o d u c t i o n  
The s p a c e  f l i g h t  n a v i g a t i o n ,  g u i d a n c e ,  and c o n t r o l  

problem i s  b a s i c a l l y  a se r ies  of t r a j e c t o r y  e s t i m a t i o n s  (or o r b i t  
d e t e r m i n a t i o n s )  and c o r r e c t i v e  maneuvers  such  t h a t  t h e  t r a j e c t o r y  
w i l l  a ccompl i sh  t h e  m i s s i o n .  For i n t e r p l a n e t a r y  m i s s i o n s ,  t h e  

n a v i g a t i o n  task  c a n  be c a t e g o r i z e d  i n  t h r e e  p h a s e s :  i n j e c t i o n ,  
midcour se ,  and approach .  T h i s  s t u d y  c o n c e n t r a t e s  on n a v i g a t i o n  
d u r i n g  t h e  approach  phase  t o  t h e  t a r g e t  p l a n e t .  

Conven t iona l  Earth-based Doppler  t r a c k i n g  sys t ems  a l o n e  
may n o t  meet t h e  r e q u i r e m e n t s  o f  p l a n e t a r y  m i s s i o n s  i n v o l v i n g  t a r -  
g e t i n g  or probe  l a n d i n g ,  mainly because  of e r r o r s  i n  t h e  ephemer- 
i d e s .  Fo r  example,  d u r i n g  Mars o p p o s i t i o n s ,  t h e  error i n  d i s t a n c e  
between t h e  Ea r th  and Mars due  t o  a one-sigma u n c e r t a i n t y  of  250  km 

i n  A . U .  i s  abou t  1 0 0  km,  and a one-sigma u n c e r t a i n t y  of one a r c -  
second i n  a n g u l a r  measurements r e s u l t s  i n  an  error o f  about  300 km 

i n  p o s i t i o n .  These e r r o r s  t o g e t h e r  w i t h  t r a c k i n g  s t a t i o n  l o c a t i o n  
e r r o r s  ( a b o u t  30  m )  a r e  r e f l e c t e d  i n  t h e  s t a t e - v e c t o r  d e t e r m i n a -  
t i o n  o f  a p l a n e t a r y  v e h i c l e  by t h e  c o n v e n t i o n a l  Ea r th -based  Doppler  
t r a c k i n g  sys t em,  

To improve t h e  accu racy  o f  Earth-based i n t e r p l a n e t a r y  
n a v i g a t i o n  b y  e l i m i n a t i n g  t h e  dependence on t h e  ephemer ides  a 
m u l t i p l e - l i n k  Doppler  t r a c k i n g  sys tem i s  p roposed .  

P r i n c i p l e s  of  O p e r a t i o n  
For p u r p o s e s  of t h i s  d i s c u s s i o n ,  a p l a n e t a r y  f l y b y  m i s s i o n  

i s  shown d i a g r a m m a t i c a l l y  i n  F i g .  1. It i s  assumed for s i m p l i c i t y  
i n  p r e s e n t a t i o n  t h a t  a s a t e l l i t e  t r a n s p o n d e r  S o r b i t i n g  i n  a known 
o r b i t  w i t h  r e s p e c t  t o  t h e  c e n t e r  o f  t h e  t a r g e t  p l a n e t  i s  used  as 
t h e  n a v i g a t i o n  r e f e r e n c e .  The v a l i d i t y  of t h i s  a s sumpt ion  w i l l  be  
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d i s c u s s e d  l a t e r .  The o b j e c t  of p l a c i n g  t h e  s a t e l l i t e  t r a n s p o n l e r  i n  
o r b i t  i s  t o  p r o v i d e  t h e  r a n g e - r a t e  between t h e  v e h i c l e  V and t h e  
s a t e l l i t e  t r a n s p o n d e r  from measurements on t h e  E a r t h ,  n o t  on t h e  

v e h i c l e .  To improve t h e  e s t i m a t e  o f  t h e  t r a j e c t o r y  o f  t h e  f l y b y  
v e h i c l e  V ,  i t  i s  d e s i r a b l e  t o  de t e rmine  t h e  r a n g e - r a t e  6sv be tween 
t h e  s a t e l l i t e  S and t h e  v e h i c l e  V. To  t h i s  e n d ,  t h e  f o l l o w i n g  sequence  
o f  e v e n t s  i s  employed: The o b s e r v a t i o n  s t a t i o n  0 t r a n s m i t s  a f r e q u e n c y  
f toward  t h e  o r b i t i n g  s a t e l l i t e  and i t s  t r a n s p o n d e r  r e s p o n d s  w i t h  

a f r equency  f 2  toward  t h e  o b s e r v a t i o n  s t a t i o n  and t h e  v e h i c l e .  
t r a n s p o n d e r  i n  t h e  v e h i c l e  sees an a p p a r e n t  f r e q u e n c y  f and r e s p o n d s  
w i t h  two f r e q u e n c i e s  f and f 4  s i m u l t a n e o u s l y .  The f r equency  f 

1 
The 

3 
3 3 

v a r i e s  a c c o r d i n g  t o  t h e  r a n g e - r a t e  is,, and f,, i s  a f i x e d  known 
f r e q u e n c y .  There are  two d i f f e r e n t  Doppler  coun t s  D and E4 a t  t h e  

from t h e  v e h i c l e .  S i n c e  t h e  Doppler count  i s  d i r e c t l y  p r o p o r t i o n a l  
t o  t h e  o r i g i n a t i n g  s o u r c e  f requency ,  t h e  v a r i a b l e  unknown f r equency  
f can be  de t e rmined  by t h e  r e l a t i o n s :  

3 
2 ~ s  are  emitted 

3 

f 2  D2 
J = - I  

¶ 

f 4  D4 

- 
D4 - f 4  - f 6 y  (3) 

where f i s  t h e  a p p a r e n t  f r equency  r e c e i v e d  a t  t h e  s t a t i o n  and 
t r a n s m i t t e d  as f requency  f and 3’ 
f 6  i s  t h e  a p p a r e n t  f requency  r e c e i v e d  a t  t h e  s t a t i o n  and 
t r a n s m i t t e d  as f requency  f 4 .  

5 

The s o l u t i o n  of e q u a t i o n s  (1) th rough ( 3 )  y i e l d s :  

(4) f 3  = - f 4 f 5  
‘6 

(Note t h a t  t o  a v o i d  any i s o l a t i o n  problem i n  - e c e i v i n g  and t r a n s -  
m i t t i n g  f s i m u l t a n e o u s l y  a t  t h e  v e h i c l e  f can be  c o n v e r t e d  t o  f ’  

which d i f f e r s  from f by a c o n s t a n t  known f a c t o r  and i s  t h e y e f o r e  
3 3 3’ 

3 
c o h e r e n t  w i t h  f 2 .  f’ i n s t e a d  of f can  be  t r a n s m i t t e d  s i m u l t a n e o u s l y  3 3 
W i t h  f h . )  
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The r a n g e - r a t e  between t h e  v e h i c l e  V and t h e  s p a c e c r a f t  S c a n  be  

c a l c u l a t e d  a s  : 

f f  

f 2 f 6  
Psv = c(1 - - 5 ) ,  

where C i s  t h e  v e l o c i t y  o f  l i g h t .  

(5) 

The t r a j e c t o r y  of  t h e  v e h i c l e  w i t h  Yespec t  t o  t h e  p l a n e t  
c e n t e r  can  b e  e s t i m a t e d  once  psv i s  known. 

f r e c e i v e d  by t h e  v e h i c l e  t h r o u g h  Ear th -based  f a c i l i t i e s .  TJote 
t h a t  t h e  f r equency  f cou ld  be de te rmined  on board  t h e  v e h i c l e  w i t h  

t h e  a d d i t i o n  of  a h i g h  p r e c i s i o n  f r equency  c o u n t e r ,  b u t  t h i s  i n f o r -  
m a t i o n  on f r equency  f would have t o  be  t r a n s m i t t e d  t o  t h e  E a r t h  f o r  
t r a j e c t o r y  e s t i m a t i o n .  On t h e  o t h e r  hand,  t h e  d i r e c t  d e t e r m i n a t i o n  
of  f r e q u e n c y  f on board  would have l e s s  n o i s e  c o r r u p t i o n  t h a n  t h e  

Ear th-based  d e t e r m i n a t i o n  because  o f  t h e  e x t r a  n o i s e  cor rur . t ion  
i n  two f r equency  c o u n t i n g s .  

e l l i t e l E a r t h  Doppler  a t  t h e  E a r t h  s t a t i o n  would y i e l d  t h e  e x a c t  
v a l u e  of f 2  t r a n s m i t t e d  t o  t h e  v e h i c l e .  

E s t i m a t i o n  C r i t e r i o n  

The  e s s e n c e  o f  t h e  scheme i s  t o  d e t e r m i n e  t h e  f r e q u e n c y  

3 
3 

3 

3 

Coherent  removal  o f  t h e  two-way sa t -  

Exc lud ing  t h e  n o i s e  c o r r u p t i o n  i n  f r e q u e n c y  cci~r,tL:,g, 

t h e  e x p e c t e d  a c c u r a c y  of t h e  t r a j e c t o r y  e s t i m a t i o n  of  t h e  flyby 
v e h i c l e  depends on t h e  assumpt ion  t h a t  t h e  o r b i t i n g  s a t e l l i t e  i s  
i n  a known o r b i t .  I f  t h e  s a t e l l i t e  o r b i t  i s  e s t i m a t e d  by conven- 
t i o n a l  Ear th-based  s i n g l e - l i n k  Doppler  measurements ,  t h e  errors o f  
t h e  ephemerides and s t a t i o n  l o c a t i o n s  a r e  r e f l e c t e d  i n  t h e  s t a t e -  
v e c t o r  e s t i m a t e .  Use of such  an e s t i m a t e  as a n a v i g a t i o n  r e f e r e n c e  
w i l l  n o t  e n a b l e  u s  t o  e s t a b l i s h  a b e t t e r  f l y b y  v e h i c l e  t r a j e c t o r y  
es t imate  t h a n  t h a t  o b t a i n e d  by  t h e  conventioYa.1 s i n g l e - l i n k  scheme. 
However, t h e  r a n g e - r a t e  pSv o b t a i n e d  by t h e  m b l t i p l e - l i n k  scheme 
e n a b l e s  u s  t o  improve t h e  s t a t e - v e c t o r  es t imates  o f  b o t h  t h e  s a t e l -  
l i t e  and t h e  f l y b y  v e h i c l e  by a combined e s t i m a t i o n  p r o c e d u r e  
which no l o n g e r  i n v o l v e s  t h e  e r r o r s  of t h e  ephemer ides  and E a r t h  

s t a t i o n  l o c a t i o n s .  A b r i e f  d e s c r i p t i o n  of  t h e  combined e s t i m a t i o n  
p r o c e d u r e  f o l l o w s .  
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R e f e r r i n g  t o  F i g u r e  2 ,  w e  have 

X r e p r e s e n t s  t h e  s i x  components of  t h e  s t a t e - v e c t o r  
of  t h e  v e h i c l e ,  
X r e p r e s e n t s  t h e  six components of  t h e  s t a t e - v e c t o r  
of t h e  s a t e l l i t e ,  
X r e p r e s e n t s  t h e  twe lve  components X 

d i s  t h e  v e c t o r  between t h e  c e n t e r  of  t h e  p l a n e t  and 
t h e  v e h i c l e ,  
r i s  t h e  v e c t o r  between t h e  c e n t e r  of  t h e  p l a n e t  2nd 
t h e  s a t e l l i t e ,  and 
p i s  t h e  v e c t o r  between t h e  s a t e l l i t e  m d  t h e  ve, : i .c le .  

v where 

S 

and X s ,  V 
- 

- 

- 
Taking  t h e  t i m e  d e r i v a t i v e  of e q u a t i o n  (6), we have 

- d(x,) = + h(x , .  
A 

L e t  - P = psvp, 

i s  t h e  magnitude o f  t h e  d i s t a n c e  between sv where  

t h e  s a t e l l i t e  and t h e  v e h i c l e ,  and 
p^ i s  t h e  u n i t  v e c t o r  i n  t h e  d i r e c t i o n  o f  p .  - - 

D o t t i n g  E q u a t i o n  ( 7 )  by 6, we o b t a i n  - 
@av) - i ( X S ) l  i ( X >  = P s v  

The l e a s t  s q u a r e s  e s t i m a t i o n  c r i t e r i o n  t h e n  i s  [lJ. . 
(9) 

f 7 

ar ( X r 7 )  - 2 - 1  - ; p .  (11) - ax P ax ax ax where 

The c l a s s i c a l  d i f f e r e n t i a l  c o r r e c t i o n  inethod 1'1 u s i n g  t h e  l e a s t  
s q u a r e s  e s t i m a t i o n  c r i t e r i o n  (10) y i e l d s  t h e  bes t  e s t i m a t e s  o f  b o t h  
Xv and Xs .  
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Through t h e  u s e  of  t h e  m u l t i p l e - l i n k  Doppler  t r a c k i n g  
and t h e  combined e s t i m a t i o n  p rocedure  t h e  a c c u r a c y  o f  t h e  s t a t e -  
v e c t o r  of t h e  o r b i t i n g  s a t e l l i t e  may a l s o  be  improved.  Thus ,  
u s e  of a p l a n e t a r y  o r b i t e r  as t h e  n a v i g a t i o n  r e f e r e n c e  may p e r m i t  
improving  t h e  a c c u r a c y  of t r a j e c t o r y  e s t i m a t i o n  of v e h i c l e s  on 
m i s s i o n s  t o  t h e  p l a n e t .  The improvement i s  e x p e c t e d  s i n c e  t h e  

e r r o r s  of t h e  ephemer ides  and E a r t h  s t a t i o n  l o c a t i o n s  a re  no long-  
e r  i n v o l v e d  i n  t h e  e s t i m a t i o n  p r o c e d u r e .  The r e f e r e n c e  s a t e l l i t e  
does  n o t  r e q u i r e  a p r e s c r i b e d  i d e a l  o r b i t ,  and as l o n g  as  i t  i s  
i n s e r t e d  i n  any o r b i t ,  i t  can  b e  u sed  for n a v i g a t i o n a l  p u r p o s e s .  
T h i s  i s  a n  advan tage  s i n c e  t h e  r e q u i r e m e n t s  for i n s e r t i n g  a p l a n -  
e t a r y  o r b i t e r  i n  any o r b i t  are  n o t  as s t r i n g e n t  as  t h o s e  of  d e l i v -  
e r i n g  v e h i c l e s  on m i s s i o n s  i n v o l v i n g  t a r g e t i n g  and p robe  l a n d i n g  
on a p l a n e t .  P r e l i m i n a r y  o r  i n i t i a l  s t a t e - v e c t o r  es t imates  o f  
v e h i c l e s  on p l a n e t a r y  m i s s i o n s  can  b e  o b t a i n e d  by  t h e  c o n v e n t i o n a l  
s i n g l e - l i n k  Doppler  sys tem d e s c r i b e d  i n  r e f e r e n c e  1. 

D i s c u s s i o n  
The  proposed  m u l t i p l e - l i n k  Doppler  t r a c k i n g  i s  a scheme 

f o r  improving  e s t i m a t i o n  accuracy  and i s  n o t  a scheme f o r  redun-  
dancy because  i t  depends upon t h e  i n f o r m a t i o n  d e r i v e d  by t h e  s i n g l e -  
l i n k  Doppler  t r a c k i n g .  Both redundancy and improved a c c u r a c y  c o u l d  
be o b t a i n e d  by on-board f requency  c o u n t i n g  and o r b i t  d e t e r m ’ r a t i o n ,  
which would i n c r e a s e  t h e  weight o f  t h e  v e h i c l e .  

p l a n e t a r y  a tmosphere  and ionosphe re  and t o  r e d u c e  t h e  e f f e c t  o f  
h i g h e r  o r d e r  harmonics  of t h e  g r a v i t a t i o n a l  p o t e n t i a l  o f  t h e  p l a n e t  
on t h e  s a t e l l i t e ,  t h e  s a t e l l i t e  shou ld  be i n s e r t e d  h i g h  above t h e  

a tmosphere  and ionosphe re  of t h e  p l a n e t .  

a c c u r a c y  of i n t e r p l a n e t a r y  t r a j e c t o r y  e s t i m a t i o n  i s  o b t a i n e d  a t  
t h e  expense  o f  p r o v i d i n g  a p l a n e t a r y  o r b i t e r  i n  advance .  However, 
f o r  p u r p o s e s  o f  i n i t i a l  comprehensive pho tography ,  o c c u l t a t i o n  ex- 
p e r i m e n t s ,  and o t h e r  s c i e n c e  s t u d i e s ,  a p r e c u r s o r y  o r b i t e r  would 
be i n v a l u a b l e .  Such a p r e c u r s o r y  o r b i t e r  can  be des igned  t o  i n c o r -  
p o r a t e  t h e  f e a t u r e s  r e q u i r e d  t o  operate as a n a v i g a t i o n  r e f e r e n c e .  

To  a v o i d  unknown c o r r e c t i o n s  of  r a d i o  waves due t o  t h e  

Fvom t h e  s y s t e m s  p o i n t  o f  view,  t h e  improvement i n  t h e  
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The f o l l o w i n g  items should  be i n v e s t i g a t e d  t o  d e t e r m i n e  

t h e  f e a s i b i l i t y  of  t h e  proposed  m u l t i p l e - l i n k  Ea r th -based  Doppler  
sys t em:  

1. 

2 .  

3. 

4. 

5. 
6. 

The f r e q u e n c y  s t a b i l i t y  and a c c u r a c y  r e q u i r e d  f o r  o s c i l -  
l a t o r  of  f 4  t o  o b t a i n  t h e  p r e s c r i b e d  a c c u r a c y  i n  f 
The e x t e n t  of  m o d i f i c a t i o n  of ground equipment nec-  
e s s a r y  t o  count  b o t h  f 

due  t o  a tmosphe r i c  and i o n o s p h e r i c  r e f r a c t i o n s  a re  
r e d u c e d ) ,  
Requi red  s i z e s  o f  t h e  t r a n s m i t t i n g  a n t e n n a  on t h e  

o r b i t e r  and t h e  r e c e i v i n g  a n t e n n a  on t h e  v e h i c l e  and 
a s s o c i a t e d  power r e q u i r e m e n t s ,  
Weight and power r e q u i r e m e n t s  compar ison  between t h e  

s t a b i l i z e d  o s c i l l a t o r  of f 4  and on-board equipmenc re-  
q u i r e d  f o r  p r e c i s i o n  f r e q u e n c y  c o u n t i n g ,  
Clock a c c u r a c y  r e q u i r e d  i n  t i m e  t a g g i n g  e i t h e r  f or f 

The r a n g e s  of l i m i t s  by which t h e  p r e l i m i n a r y  es t imates  
of  t h e  s t a t e - v e c t o r s  of b o t h  t h e  s a t e l l i t e  and t h e  

v e h i c l e  can  be i n  error w i t h o u t  f a i l i n g  t o  o b t a i n  t h e  
b e s t  es t imates .  

3’ 

and f 6  s i m u l t a n e o u s l y  ( e r r o r s  5 

4’ 3 

Conc lus ion  
Conven t iona l  s i n g l e - l i n k  Ear th-based  Doppler  t r a c k i n g  

sys t ems  a l o n e  may n o t  meet t h e  accu racy  r e q u i r e m e n t s  o f  p l a n e t a r y  
m i s s i o n s  i n v o l v i n g  t a r g e t i n g  and p robe  l a n d i n g ,  ma in ly  because  of 
u n c e r t a i n t i e s  i n  t h e  ephemer ides .  

It has been shown tha t  a s a t e l l i t e  t r a n s p o n d e r  o r b i t i n g  
a t a r g e t  p l a n e t  may be u s e f u l  as a n a v i g a t i o n a l  r e f e r e n c e .  The  

r a n g e - r a t e  between t h e  s a t e l l i t e  and a v e h i c l e  on a m i s s i o n  t o  t h e  

t a r g e t  p l a n e t  can  be de t e rmined  by t h e  proposed  Ea r th -based  

m u l t i p l e - l i n k  Doppler  t r a c k i n g  system. The a , i u r a c y  o f  t h e  s t a t e -  
v e c t o r  estimate of t h e  v e h i c l e  may be improved by u s i n g  t h e  
m u l t i p l e - l i n k  Doppler  sys t em and t h r o u g h  a combined e s t i m a t i o n  
p r o c e d u r e  which no l o n g e r  i n v o l v e s  t h e  u n c e r t a i n t i e s  o f  t h e  ephem- 

e r i d e s  and t h e  E a r t h  s t a t i o n  l o c a t i o n s .  T h i s  s h o u l d  p r o v i d e  t h e  
basis f o r  d e t e r m i n i n g  t h e  t r a j e c t o r i e s  of  p l a n e t a r y  v e h i c l e s  w i t h  
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an accuracy comparable to those of terrestrial vehicles. Areas 
of investigation necessary t o  determine the feaslhility of the 
proposed technique f o r  achieving such accuracy are listed at the 
end of the last section. 

1014-CCHT-tfb 
(< /? 7zy 

C. C. H. Tang 
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FIGURE 1 - TRACKING GEOMETRY 
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FIGURE 2 - A PLANETARY SATELLITE AS A NAVIGATIONAL REFERENCE 
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